Thirty-eight mix proportions of ordinary Portland cement-slag mortars (OSMs) were used to study the effects of temperature and relative humidity on strength. Three levels of slag (0%, 40%, and 50%) and different temperatures were used; the 50% level and heat curing of 60°C for duration of 20 h were found to be the optimum. The optimum mortar's strength at 3 and 7 days for the specimens cured in air were 55.0 and 62.0 MPa, respectively. The results show that for durations of 4-26 h, the strength of specimens cured in air is greater than those cured in water. This is a novelty with major advantages in arid areas. It was proved that more ettringite production at early ages resulted in higher early strengths. Comparison of curing regimes with different temperatures and the same relative humidity or different relative humidity and the same temperatures showed that higher strengths are attributed to higher temperatures and lower relative humidity, respectively.
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Introduction
Temperature variation caused by the heat of hydration in mass concrete or the change of external environment, has a considerable influence on the mechanical properties of early-age concrete. Mechanical properties such as compressive strength are factors to be considered in the design and construction of concrete structures. Therefore, the effects of temperature and aging on the mechanical properties should be studied and quantified. According to the experimental results, concrete subjected to high temperatures at early ages attains higher early-age compressive and splitting tensile strengths but has lower later-age compressive and splitting tensile strengths than concrete subjected to normal temperatures [1] . Mortar and concrete are the most important elements of structures and, if well-designed, can be durable construction materials. One effective way to reduce the environmental impact is to use mineral admixtures as a partial cement replacement. This strategy has the potential to reduce costs, conserve energy, and reduce the volume of waste. Mineral admixtures are silica-based materials such as ground granulated blast furnace slag (GGBFS), fly ash, and silica fume. Mineral admixtures are being used more and more for concrete because of their strength and durability [2] . The presence of some mineral admixtures such as GGBFS in the cement, can modify the kinetics of hydration, reduce the heat evolution, and produce additional calcium silicate hydrates (C-S-H) gel. These admixtures result in a noticeable performance increase in the concrete in hot climates as the negative effect of the temperature is partly reduced by the pozzolanic reaction, their weak hydration heat, and their great activation energy.
The use of pozzolans as supplementary cementing materials has been found to provide noticeable enhancement to the mechanical properties of concrete and mitigate the damage, which is of particular concern for durability. Based on various studies on the effects of heat curing on cementitious systems, heat treatment of concrete has become a regulated practice in the precast concrete industry. In the 1980s Germany introduced heat curing regulatory particles specifying the parameters of the curing cycle including a maximum temperature of 60°C. Presently, certain countries including Canada, the United States, South Africa, and most European countries have developed similar specifications for the regulation of heat curing for precast concrete. The maximum curing temperature imposed is often 60-70°C. The length of heat exposure is not usually included in these specifications as this can be adjusted without adversely affecting performance [3] . Several researchers [1, 2, [4] [5] [6] reported that a high temperature improves strength at early ages. At a later age, the important numbers of formed hydrates have no time to arrange suitably and this causes a loss of ultimate strength; this behaviour has been called the crossover effect [7, 8] . For ordinary Portland cement (OPC), it appears that the ultimate strength decreases with curing temperature nearly linearly [9] . Since GGBFS itself is nothing more than a latent hydraulic binder, it must be activated to react and provide the desirable mechanical properties. One of these activation methods is the thermal method [10] . The objective of this study is to produce a data inventory of the early-age behaviour of some mechanical properties, such as the compressive strength of mortars with temperature, as well as to investigate the relationship between compressive strength with temperature and the relationship between the compressive strength of specimens cured in air under room temperature and water at 3 and 7 days, for 40% and 50% levels of replacement slag. Table 1 represents the mix proportions for different mortars. In all the mixes w/b = 0.33, s/b = 2.25. Silica sand was used in the mixes. At first, based on grain size distribution, five grades of silica sand were mixed. Two minutes after that cement and replacement slag were put into the mixture, followed by four minutes of mixing.
Notes: OM = OPC mortar, OSM/i = OPC À slag mortar for i% replacement with slag.
Mixing water was then added to the mix, and mixing was continued for two minutes, after which the required amount of super plasticizer was added. Mixing was continued for two minutes; finally, the moulds were filled with fresh mortar in two layers. Each layer was compacted with ten impacts by a rod of 16 mm diameter. The specimens were demoulded 24 h after casting and heated in water at 60°C for the required time as mentioned in Table 1 , and then cured in air under room temperature 28 ± 4°C with 70 ± 10% relative humidity and water with 23 ± 3°C until the test day.
Properties of materials

Cement
The cement used in all the mixes was OPC. ASTM C109-99 [11] was used for the determination of the compressive strength of hydraulic cement mortars using 50 mm specimen cubes. The specific gravity of the cement used was about 3.14. Based on particle size analysis tests, the specific surface area (SSA) for OPC particles was determined to be 1.8939 m 2 /g. The chemical composition of the OPC used in this study was determined by the X-ray fluorescence spectrometry (XRF) test, as given in Table 2 .
Slag
The specific gravity of slag was approximately 2.87, with its bulk density varying between 1180 and 1250 kg/m 3 . The colour of GGBFS is normally whitish (off-white). Based on the results of the particle size analysis test, the SSA for GGBFS was determined to be 3.5972 m 2 /g. It can be seen that SSA slag is 1.9 times of SSA OPC, which means that the particles of slag are 90% finer than those of OPC. The composition of slag is given in Table 2 . As with all cementing materials, the reactivity of the slag is determined by its SSA. In general, increased fineness results in better strength development, however, in practice; fineness is limited by economics, performance considerations and factors such as setting time and shrinkage [12] . For better performance, the fineness of GGBFS must be greater than that of OPC. Based on the definition of the slag activity index (SAI) in ASTM C989 [13] , it can be seen that SAI = (SP/P) Ã 100; where SP = average compressive strength of slag-reference cement mortar cubes and P = average compressive strength of reference cement mortar cubes. Based on this definition, the slag used in the tests is classified into Grade 120. A sample calculation is shown in the bottom of Table 2 [14] .
Aggregates
The fine aggregate used in the mixes is graded silica sand with specific gravity, fineness modulus, and water absorption 2.68%, 3.88%, and 0.93%, respectively. The maximum aggregate size is 4.75 mm. The grain size distribution of the fine aggregate is given in Table 3 and the grain size distribution diagram is shown in Fig. 1 [15].
Super plasticizer
In order to have a proper consistency with a low w/b ratio, super plasticizer is required. The specific gravity of super plasticizer is approximately 1.195 , is dark brown in colour, with a pH H60/i, j, k means 60°C with hearting time i, j, and k hours Notes: OSM/40 = OPC-slag mortars for 40% replacement with slag, OSM/50 = OPC-slag mortars for 50% replacement with slag, H60/i = heat curing at 60°C in duration of i hours, OMs = OPC mortars, wc = water curing, ac = curing at room temperature.
in the range of 6-9. The consumed amount of super plasticizer in the mortar depends on the replacement level of slag. It is a chloride-free product that meets ASTM C494 [16] . The basic components are synthetic polymers, which allow the mixing water to be reduced considerably. The dosage of super plasticizer generally varies from 0.8 to 1.2 litre/(100 kg) of cement. Other dosages may be recommended in special cases according to specific job conditions. It is compatible with all cements and admixtures meeting ASTM and UNI standards.
Water
The water used in all the mixes and curing of the specimens was potable water. performed. The range of flow amounts were 220-235 mm. First, some mortar was put in the truncated brass cone in two layers and each layer was compacted 10 times by a steel rod of 16 mm diameter. The cone was then lifted and the mortar was collapsed on the flow table. Following that, both the table and mortar were jolted 15 times in a period of 60 s. The jolting of the table, allowed the mortar to spread out and the maximum spread to the two edges of the table was recorded. The average of both records was calculated as flow in mm.
Test for hardened mortar
Three 50 mm cube specimens were used for each age. The specimens were produced from fresh mortar and demoulded after 24 h, and were then cured in air under room temperature 28 ± 4°C and 70 ± 10% relative humidity, and in water with a temperature of 23 ± 3°C until they were used for compressive strength tests at 3 and 7 days. Compressive strength measurements were carried out using an ELE testing machine press with a capacity of [14] . Table 3 Grain size distribution for silica sand based on BS 822: Clause 11.
Sieve size (lm) Sieve No. Fineness modulus = FM = 388.31/100 = 3.88 [15, 19] . 
Mortar mix method
At first, five grades of silica sand were put in as a mixture and mixed for 2 min. After that the cement and slag were added and mixing was done for 3-4 min. Then the calculated water was poured into the mix and the mixing continued for 2 min; finally, the super plasticizer was added and mixing continued for 2 min. Immediately at the end of mixing, the flow table test was performed and the specimens were moulded. For each mix, the duration of mixing was about 8-10 min.
Thermal technique and observed ettringites
Thermal technique
Heat curing of concrete under controlled exposure conditions is widely practiced in the precast concrete industry with the main engineering benefit being the attainment of high early strength, which is not usually obtained under normal curing conditions. Additionally, heat curing reduces creep, shrinkage, and prestress loss in concrete. Some significant economic benefit arises from the quick turn around of formwork, minimization of storage space and speedy construction progress, which results in whenever heat treatment is used [19] . In addition to heat curing, other factors can affect the mortars and concrete and cause high temperatures including high cement content, large pores, and hot weather conditions. It is generally accepted that there are some adverse effects whenever concrete is exposed to heat at early ages. Delayed ettringite formation (DEF) is a deterioration phenomenon attributed to high temperature curing. Some other detrimental effects attributed to elevated temperatures have been found to be a reduction in later age strength, increase in chloride ingress and loss of bond in epoxy coating in prestressing strands. The problem of alkali-silica reaction (ASR) is also known to be enhanced by the application of heat on concrete.
Ettringite
Based on the results of investigations reported by some researchers [20] , ettringite can have different forms such as clumps, laminar, sphere, needle-like, lamella, maps, laths, rosettes, and some combination forms such as laminar with spheres, laminar with needles and spheres, packets of needles, laminar with radiating needles. Some noted forms of ettringite are shown in Fig. 2 .
Ettringite is a hexacalcium aluminate tri-sulphate hydrate, of general formula as:
Ettringite is found in hydrated Portland cement system as a result of the reaction of calcium aluminates with calcium sulphate, both of which are present in Portland cement [20] . The formation of ettringite results in a volume increase in the fresh plastic concrete. Because of concrete's plastic condition, this expansion is harmless and unnoticed. If concrete is exposed to water for long durations (many years), the ettringite can slowly dissolve and reform in less confined places. Upon microscopic examination, harmless white needle-like crystals of ettringite can be observed lining air voids [21] .
In the presence of moisture, sulphate and alumina desorbs from the confines of the C-S-H gel to form ettringite in hardened and cooled concrete. After months or years of desorption, ettringite forms in confined locations within the paste. Since the concrete is rigid and if there are not sufficient voids to accommodate the ettringite, volume increase and then expansion and cracks can occur. Additionally, some of the initial ettringite formed before heating may be converted to monosulphoaluminate at high temperatures and upon cooling revert back to ettringite. As ettringite takes up more space than the monosolphoaluminate from which it is formed, the transformation is an expansive reaction. Only extreme cases of DEF result in cracking and often DEF is associated with other deterioration mechanisms. Air voids can help relieve the stress by providing a location for the delayed ettringite to form. In summary, some concrete technologists use the term ''secondary ettringite'' to refer to both the DEF and harmless ettringite found lining the voids [21] .
Early formation of ettringite
Early formation of ettringite (EFE) occurs immediately (within a few hours) after casting. It is neither associated with a damaging sulphate attack nor does it produce any damaging expansion or any noticeable harmful stress. This type of harmless and homogeneous ettringite formation occurs in the reaction of gypsum and anhydrous calcium aluminates. The EFE acts as a retarder in Portland cement mixes whenever it covers the surface of cement grains after mixing. The reaction is as follows:
The amount of EFE increases during the first day and then converts to monosulphate aluminates at around one day, if all quantities of the gypsum are consumed through the ettringite reaction. This process depends on the chemistry of the cement and the environmental conditions.
At high temperature, ettringite decomposes to be formed again at a later age when it is called DEF. As long as the concrete remains plastic, the formation of ettringite is not associated with expansion or cracks. However, whenever concrete becomes stiff at a later age, DEF, for certain reasons, is associated with expansion cracks and spalling. It should be mentioned that a low water-cement ratio could hinder the development of ettringite gel, while the concrete is still plastic. Once water is available, the ettringite will form [22] .
Types of ettringite
There are several types of ettringite morphologies. The first type is the amorphous ''gel'' phase. This primarily amorphous ettringite forms at early ages after heat curing or heat cycle and changes from a gel to crystals as time proceeds. Hampson and Baily [23] claimed that the formation of amorphous ettringite depends on the pH of the pore solution. Whenever, the pH is limited to 11.5-11.8, the result will be crystalline ettringite; when pH is limited to 12.5-12.8, the result will be an amorphous material with the composition of ettringite. The morphology of ettringite in hydrated pastes that contain sulphates and calcium aluminates depends on the total available space and the conditions under which it forms.
Mehta [24] stated that depending on the conditions under which it forms ettringite has two types with either long or short needles. If the hydroxyl ion concentration is low, long slender needles or spheroids of crystal ettringite will form 10-100 lm long.
The formation of this type also depends on the variability of large spaces. Likewise, the ettringite crystals formed during hydration at about 60°C are significantly larger than those developed at 25°C. If hydroxyl ion concentration is high, which is the normal situation for concrete, and the confined space is small, small rods of ettringite will form 1-2 lm long. Therefore, Mehta [25] reported that the presence of lime in Portland cement pastes and concretes influences the formation of ettringite so that ettringite has a smaller size. Ghorab et al. [26, 27] explained that another type of ettringite is found whenever C-S-H forms in a supersaturated environment.
This type of ettringite is a short prism with a thickness to length ratio of 1:3. Hekal and Abo El-Enein [28] stated that the chemical compositions of all types of ettringite are the same. Generally, the short type of ettringite appears to be able to form everywhere and anywhere, but the formation of the long type depends on the availability of sufficient space, such as water-cement ratio or large cavities.
The morphology of ettringite
The morphology and crystal size of ettringite varies with the different conditions under which it forms. Most of the SEM observation shows that ettringite is normally a slender, needle-like, crystal with a prismatic hexagonal cross section. Its size depends on the water-cement ratio, that is, the effective space that ettringite is able to occupy. It can grow up to 100 lm long with a large enough water-cement ratio. The particle-size of Al-bearing agents is also a main factor affecting the size of ettringite. Large particles of Al-bearing agents form a large amount of small ettringite crystal and the period of expansion can last longer. Small particles will produce large size crystals quickly at any early stage because of the large surface area and fast reaction rate. The ettringite crystals will also be smaller in size in the presence of calcium hydroxide (CH). The form of ettringite is relevant to studies of the mechanism of expansion. Some researchers [29] [30] [31] [32] [33] also reported the presence of spheroid ettringite. Ogawa and Roy [34] found that during the hydration, the ettringite is formed as very small irregular particles around Al-bearing particles in the early stage, and then changes to long needle-like crystals arranged radially around the Al-bearing particles. This was considered as the start of expansion [35] .
Results and discussion
In this experimental work, 36 mixes of OPC-slag mortars were made and two OPC mortars (OMs) as control. In this investigation the effects of 50°C, 60°C, and 70°C temperatures were studied on the early strengths at 3 and 7 days of OPC-slag mortars for 50% replacement with slag. The results are shown in Fig. 3 . This figure clearly shows that a temperature of 60°C has the most enhancing effect on early age strengths and was, therefore, selected as the optimum temperature. The compressive strengths obtained in the study for different heat durations are given in Table 4 . It can be seen that the strength of specimens at 3 and 7 days without heat and with a heat duration of 2 h, and cured in water produced a better outcome than whenever cured at room temperature.
This reality was proved for both the OSMs/50 and OSMs/40. However, as soon as the heat duration was increased to 4 h and above, the aforesaid statement is reversed. However, when the heat duration is increased to 4 h and more, the strength of specimens cured in air is improved compared to those cured in water. It seems that this is due to the temperature of the room and the high relative humidity of the air in the room. This fact is shown in Fig. 4 . From the performance of an H-3 sets mix, the effects of ambient temperature and relative humidity were considered on the strength improvement of the specimens. The specimens made first were demoulded 24 h after casting; heated in 60°C for duration of 20 h and then cured in three different curing conditions, as follows:
(1) at room temperature, (2) in water at 25°C, and (3) in water at 32°C.
After 3 and 7 days the strength of the specimens was determined. The results obtained are given in Table 5 . Based on the given data, it can be deduced that:
Comparison of curing regimes with different temperatures and the same relative humidity showed that higher strengths are attributed to higher temperature regimes. Comparison of curing regimes with different relative humidity and the same temperature proved that higher strengths are attributed to lower relative humidity regimes. From a comparison of three curing regimes it is seen that the strength of specimens cured in water at 32°C are less than those cured at room temperature. This shows that increases in the early age strength are caused by both the temperature and relative humidity. In fact, it can be said that neither relative humidity nor temperature has the highest strength improvement, but that a combination of both effects is effective on early age strength growth.
The results clearly show that the trend of strength growth at 7 days is similar to that at 3 days. It is seen that the strength of specimens at 7 days cured in air and water 32°C are the same, which shows that the effect of relative humidity for durations of 3 and 7 days is more than that of temperature. However, it can be seen that the highest strengths at 3 and 7 days are attributed to curing in air under room temperature.
Strength growth rate for durations of 3 and 7 days are as follows:
For curing at room temperature i = 0.97, for water cured 25°C i = 0.90, and for water cured 32°C i = 0.89; i denotes the strength ratio at 3 to 7 days.
These results show that when the specimens are cured at room temperature, the strength potential is released by about 97% at 3 days. This is a major advantage in the precast concrete industry whenever the specimens are cured in air. It should be noted that for the specimens cured at room temperature, the maximum relative humidity was 85% whereas the relative humidity for the specimens cured in water is 100%. Based on the results obtained it is evident that the effect of temperature on the strength improvement at 3 and 7 days is higher than that of relative humidity; as the strength of specimens cured in air and water at 32°C were higher than those in water at 25°C for 3 and 7 days by about 14% and 10%, respectively.
It is seen that using a heating process at 60°C for a duration of 20 h, the strength at 3 days is, on average, about 97% of the strength at 7 days for the specimens cured at room temperature; this ratio averages about 90% for both curing in water at 25°C and water at 32°C. This shows that curing in air after the heating process extensively improves the early age strength at 3 days, which is very efficient and useful in the precast concrete industry. This result also shows that the thermal technique is a feasible and efficient method for the activation of ordinary Portland cementslag mortars and concretes without the use of water to cure the specimens after a short period of heating. An elevated curing temperature accelerates the chemical reactions of hydration and increases the early-age strength, however, during the initial period of hydration an open and unfilled pore structure of cement paste forms and, therefore, negatively affects the properties of hardened concrete, especially at later ages [36, 37] . Hardened mortars and concretes can reach their maximum strength within several hours through elevated temperature curing. However, their ultimate strengths have been shown to decrease according to the curing temperature. It was found that by increasing the curing temperature from 20°C to 60°C for duration of 48 h causes a continuous increase in compressive strength [38] . Studies [39] [40] [41] have shown that there is a threshold maximum heat curing temperature value in the range of 60-70°C, beyond which heat treatment is of little or no benefit to the engineering properties of concrete. In this study four specimens of H-4 sets mix were tested for SEM images and EDX analyses after 7 days curing. SEM and EDX were performed on four specimens of four sets. Each specimen was analysed to determine if ettringite was present. If ettringite was found the morphology, location, and the amount of ettringite was noted. It is impossible to quantify ettringite because of the scaling factor and depth uncertainties of the electron microscope. However, it is significant to note that very small samples ($5 mm diameter) yielded large quantities of ettringite. Ettringite was identified visually and from the EDX analyses. The ettringite morphologies are summarized in Table 6 . The specimens typically produced ettringite with similar morphologies including lamellar, and needles. Ettringite was found in cavities and in the cement matrix. Ettringite in the cement matrix supports the Uniform Paste Theory of Expansion. Scrivener and Taylor [42] and Johansen et al. [43] proposed the Uniform Paste Expansion Theory, which suggests that the concrete expands and then the ettringite forms in the newly created gaps.
For the performance of H-4 sets mix; 24 h after casting two sets of the specimens were demoulded and without the use of heat were cured in water and air under room temperature for 7 days. Two sets were heated at 60°C for duration of 14 h, and then cured similar to the other sets. It was observed that there is ettringite in both sets of specimens with and without the use of heat. The results obtained are shown in Figs. 5-8 .
From observation and a comparison of Figs. 5-8 it could be seen that:
In each test and for every curing regime, ettringite crystals were found. For both sets of tests, the formed ettringite crystals in air cured under room temperature were more abundant and larger than in those that were water cured. This is probably the reason for the higher strength of specimens in air compared to water cured. It could be observed that the thickest and the longest ettringite crystals are attributed to the specimens cured at a temperature of 60°C for duration of 14 h after casting, and then cured in air under room temperature until 7 days. The strength obtained at 7 days of the specimens is about 64 MPa. From a comparison of the SEM images obtained for four sets of specimens, it can be determined that a temperature of 60°C for duration of 14 h increases the rate of ettringite formation, and causes the early strength to improve. Whenever there is a greater quantity of formed ettringite, it contributes to the higher improvement of strength. Based on the data given in Table 7 , the following results can be derived:
It is evident that the highest strength is attributed to curing in air under room temperature after a heating process of 60°C for duration of 14 h. However, the results obtained from the different types of curing can be classified as follows:
The strength of the specimens cured in air at room temperature after heat treatment is the highest. The second level of strength is attributed to the specimens cured in water after the heating process. The third level is for those cured in water without the use of heat, and the last is attributed to the specimens cured in air under room temperature without the use of heat. It was also observed that the thickest and the longest ettringite crystals were formed in the specimens with the highest strength. Similar to the strength at 7 days it was seen that among the four curing regimes, the strength of the specimens at 28 days is the highest for curing in air under room temperature after the heating process.
The rate of strength growth from 7 to 28 days in different curing regimes is as below:
For without the use of heat and curing at room temperature i = 1.15, for without use of heat and water cured i = 1.15, for with use of heating process at 60°C for a duration of 14 h cured at room temperature i = 1.00, and for with use of heating process at 60°C for a duration of 14 h and water cured i = 1.10; i denotes the rela- Fig. 5 . SEM image and EDX analysis for set #1 of specimens. tive strength ratio of 28 to 7 days. From the results observed it is clear that in the cases without the use of heat, strength growth is noticeable for both curing in air and water. The relative strength growth (i) is, on average, about 1.15. This shows that there is continuity in the hydration process progression for the duration of 7 to 28 days. It seems that the latent potential of the specimens is continuously released, whilst whenever the specimens are heated the whole latent potential is suddenly released during the initial days (in duration of 7 days) due to the temperature effect. In the cases with the use of heat treatment, it is seen that the strength growth is considerably different for the specimens cured in air and water. It was observed that there is no noticeable strength growth at 28 days compared to 7 days. In fact, it can be said that whenever the specimens are cured in air after the heating process, the highest strengths are achieved during the first 7 days; which is an efficient and feasible advantage in the precast concrete industry. Whenever the specimens are cured in water after the heating process, they need more time to achieve the highest strength. This shows that water curing is not appropriate for curing the specimens after the heating process from the standpoint of strength growth at early ages. However, a comparison of curing regimes in air and water shows that the best curing regime after the heating process is curing in air, especially for the precast concrete industry.
Based on the data given in Table 7 it is seen that in the case of without use of heat, the strength at 7 days is on average 87% of the strength at 28 days for both curing in air and water, however, with the use of the heating process this ratio is increased on average to 95%; this means that the heating process improves the strength at 7 days by an average of about 8%.
Based on the data given in Table 4 , it can be seen that the highest strengths at 3 and 7 days for OSM/40 and OSM/50 is attributed to the specimens cured at room temperature as follows:
For OSM/40: f 3 = 55.2 MPa for 18 h, and f 7 = 61.1 MPa for 20 h; for OSM/50: f 3 = 55.3 MPa, and f 7 = 61.6 MPa, both for 20 h.
The 3-and 7-day strengths for OPC mortars were as follows: For curing at room temperature f 1 = 29.5, f 3 = 45.4, and f 7 = 51.4 MPa; for water cured f 1 = 33.3, f 3 = 43.8, and f 7 = 47.8 MPa.
It is noted that the highest 3-and 7-day strengths of OSM/40's and OSM/50's specimens are 21.7%, 19.0% and 21.8%, 20.0%, respectively, more than those of OPC mortar specimens cured at room temperature at the same age. It is seen that there is strength loss at 56 days compared to 28 days by about 2.2%. This was previously reported by other researchers [44] . Whereas the main objective of elevated temperature curing is to achieve early strength development, it is generally acknowledged that there is also strength loss as a result of heat curing [19] .
Another mix OSM/50 was designed for an optimum heating process at 60°C for duration of 20 h at ages 1, 3, 7, 28, 56, and 90 days. The results of compressive strength versus the age of the specimens cured at room temperature are shown in Fig. 9 . The strength development best curve fitting is a logarithmic relationship as:
f T-ac = 5.2039 Ã Ln (t) + 50.664 with coefficient of determination R 2 = 0.9311; where f is the compressive strength in MPa, t is the age of specimen in days, and ac denotes curing in air under room temperature.
The relationships between compressive strength and heat duration in air under room temperature and water cured for OSMs/40 and OSMs/50 is shown in Table 7 . It can be seen that the best equations are binomial and pertain to the air cured specimens. It is also seen that the best curve fitting at 3-and 7-day strengths are power relationships. Based on the results presented in Table 8 , it is seen that there is an acceptable power relationship between the strength of OSM/50 and OSM/40 for the specimens cured in air under room temperature. These relationships were determined by the regression technique. Based on the results given in Table 6 , it can be seen that for the heating process at 60°C for duration of 20 h, the highest early strength is attributed to OSM/50 at 61.6 MPa. It can be seen that the increment percentage is about 0.62%, when compared to heat duration of 16 h. This shows that if the heat duration is increased beyond 20 h, the increase at 7 days strength is not appreciable. Hence, it can be deduced that 60°C for duration of 20 h is the optimum heating process. Based on the given relationships in Table 8 , it is seen that the coefficient of determination R 2 for the relationship between the strengths at 3 and 7 days for water cured of OSM/50 and OSM/40 is small. This shows that there is no noticeable relationship between the strengths of water cured specimens; however, in contrast there is a proper relationship for those cured at room temperature. It seems that this is because the behaviour of specimens cured in water does not become clear for duration of 7 days. This means that the effect of water on the strength of specimens is different for durations of 3 and 3-7 days.
Conclusions
The results obtained from this research allow us to draw the following conclusions: 1. It seems that for each specific admixture there is an optimum heating process for obtaining high early strength. It was determined that a heating process of 60°C for duration of 20 h is optimum for the slag used in this study. Overall, as the heat duration increases towards the optimum the compressive strength will be increased as well. 2. The highest strengths obtained at 3-and 7-day for OPC-slag mortar for 50% replacement with slag cured at room temperature were 57.6 and 64.0 MPa, respectively. These strength levels are 71.1% and 68.0% more than those of the specimens cured in water at 25°C, and 38.7% and 34.5% for those cured in water 32°C, respectively. 3. Based on scanning electron microscopy images and energy dispersive X-ray analyses obtained, it was proved that the production of more ettringite at early ages resulted in the higher early strengths. 4. Comparison of curing regimes with different temperatures and the same relative humidity or different relative humidity and the same temperatures showed that the higher strengths are related to the higher temperature and lower relative humidity, respectively. 5. The results showed that the best relationships for variations of compressive strength versus heat duration for the specimens of OSM/40 and OSM/50 cured at room temperature and in water are power equations. 6. There is a proper relationship between the compressive strength of the specimens cured at room temperature and in water for OSM/40 and OSM/50 at 3 days but not for 7 days.
Recommendations
In this study a single source of GGBFS was used throughout. It is recognized that other sources may have somewhat different chemical compositions. Other sources of the material need to be evaluated to determine if the proportions required to control activation of cement-slag mortars suggested in this study can be generalized to all compositions.
